Introduction {#Sec1}
============

Flax plant (*Linum usitatissimum* L.), one of the most important crops grown in Egypt, is used as seed, fiber and dual purpose plant (fibers and seeds). Flax seeds contain 30--40 percent of edible oil with high nutritional value resulting from the high amount of essential fatty acids (linoleic acid, linolenic acid and oleic acid) as well as, proteins, mucilage and cyanogenic glycosides. In Egypt, flax is considered second fiber crop after cotton. This plant used in production of feeding stuff for poultry and animals, as well as, different types of compact wood (particle board) (Bakry et al. [@CR12]). Various flax varieties greatly differ in yield and yield components (Darja and Trdan [@CR24]).

Drought stress (as an environmental stress) is severe deficiency of water which depress plant growth, development and productivity especially in arid and semiarid regions (Battipaglia et al. [@CR15]). The increase in aridity is expected due to the increase in global climate changes in various regions all over the world (Blum [@CR17]). Drought stress affect adversely plant growth, photosynthetic pigments, water and nitrogen use efficiency alterations, changes in cell structure and activities of key enzymes in various plant species (He et al. [@CR37]; Chen et al. [@CR21]). Also, drought stress caused oxidative damage to plant cells via increasing accumulation of reactive oxygen species (ROS) which reduce photosynthesis, stomatal closure and alter the activities of enzymes. ROS formation is considered a threat to cell as it causes electron leakage, lipid peroxidation and subsequent membrane damage, as well as damage to nucleic acids and proteins (Maksup et al. [@CR57]). To decrease these damages, plants have evolved different pathways such as increasing antioxidant compounds either non enzymatic antioxidant (as glutathione, ascorbic acid carotenoids, α-tocopherols) or enzymatic antioxidants (including superoxide dismutase (SOD), ascorbate peroxidase (APX), catalase (CAT) and guaiacol peroxidase (GPX) (Abd Elhamid et al. [@CR1]). Another antioxidants compound which improves plant tolerance in plant tissue is different phenolic compounds. Phenolic compounds are potential antioxidants acting as ROS-scavenging compounds (Rice-Evans et al. [@CR63]). Thus, more studies are needed on plant response to drought stress (Petit et al. [@CR60]). Recently, use of efficient, economic and inexpensive compounds for improving and enhancing plant tolerance to biotic and abiotic stress such as drought stress has been reported. One of these compounds is melatonin.

Melatonin is a new plant growth regulator efficient in enhancing environmental stress tolerance of different crops. Melatonin is present in various living organisms (Tan et al. [@CR70]) with various levels in plant (Arnao and Hernández-Ruiz [@CR8]; Fleta-Soriano et al. [@CR33]; Alam et al. [@CR5]). The lipophilic and hydrophilic nature of melatonin gives it the possibility of passing through morpho-physiological barriers easily resulting in rapid transport of the molecule into plant cells (Tan et al. [@CR70]). Melatonin plays many important roles in vegetative growth improvement, rooting and flowering (Arnao and Hernández-Ruiz [@CR8]; Hardeland [@CR36]). Also, melatonin could enhance plant tolerance of multiple stresses as well as helps in homeostasis of various ions (Arnao and Hernández-Ruiz [@CR9]; Wei et al. [@CR72]; Li et al. [@CR50], [@CR52], [@CR53]). Melatonin is a well-documented antioxidant in various crops (Zhang and Zhang [@CR76]). Improving antioxidant abilities of plant is a general effective role of melatonin, thus causing increase in plant stress tolerance (Arnao and Hernández-Ruiz [@CR9]; Zhang et al. [@CR80]). Exogenous treatment of melatonin has been found to increase stress tolerance of plant (Zuo et al. [@CR82]; Sun et al. [@CR69]). Even though, many investigations have stated that melatonin external treatment can improve drought tolerance, its specific role and the underlying mechanism of melatonin's role on plant drought tolerance are poorly understood. Firstly, the effect of melatonin on plant drought tolerance has been studied in only a few plant species, and only a quite small number of these investigations have focused on highly important crops. Secondly, these investigations have added melatonin by either adding it into the soil or into a nutrient solution, both of which are inconvenient in field crop production. Third, the majority of these investigations have been done under environmentally controlled conditions, such as in growth chambers or greenhouses, thus their results cannot accurately reflect the performance of melatonin with respect to stress tolerance in the field environment (Li et al. [@CR52]). Therefore, the performance and mechanism of melatonin's effect on drought tolerance needs further study, especially in highly important crops under field environmental conditions.

So, in this investigation, our aim was to study the enhancing role of foliar treatment of melatonin on growth and yield of two varieties of flax plant grown under drought stress in sandy soil.

Materials and methods {#Sec2}
=====================

Two field experiments were carried out at the experimental station of National Research Centre, Al Nubaria district El-Behira Governorate-Egypt, in 2015/2016 and 2016/2017 winter seasons. Soil of the both experimental sites was sandy soil. Mechanical, chemical and nutritional analysis of the experimental soils is reported in Table [1](#Tab1){ref-type="table"} according to Chapman and Pratt ([@CR18]).Table 1Some physical and chemical characteristics of the experimental soilSand  (%)Clay  (%)Silt  (%)pHOrganic matter  (%)CaCO~3~ (%)E.C. (dS/m)Soluble N (ppm)Available P (ppm)Exchangeable K (ppm)85.34.010.77.840.41.03.958.13.220

The experimental design was split-split plot design, using three replicates where water irrigation requirements (100%, 75% and 50%) occupied the main plots, two flax cultivars (Letwania-9 and Sakha-2) were allocated in sub plots and the concentrations of melatonin (0.0, 2.5 mM, 5 mM and 7.5 mM) were allocated at random in sub--sub plots. Flax seeds of Letwania-9 and Sakha-2 cultivars were sown on 17th November in the two winter seasons in rows 3.5 meters long, and the distance between rows was 20 cm apart, plot area was 10.5 m^2^ (3.0 m in width and 3.5 m in length). The seeding rate was 2000 seeds/m^2^. Pre-sowing, 150 kg/fed of calcium super-phosphate (15.5% P~2~O~5~) were used. Nitrogen was applied after emergence in the form of ammonium nitrate 33.5% at rate of 75 kg/fed in five equal doses. Potassium sulfate (48% K~2~O) was added at two equal doses of 50 kg/fed. Irrigation was carried out using the new sprinkler irrigation system where water was added every 7 days as per schedule in Table [2](#Tab2){ref-type="table"} for water requirements/fed.

Irrigation water requirements {#Sec3}
-----------------------------

Three irrigation water requirements was calculated using Penman--Monteith equation and crop coefficient according to Allen et al. ([@CR6]). The average amount of irrigation water applied with sprinkler irrigation system were 2500, 1875 and 1250 m^3^ fed.^−1^ season^−1^ as (100%, 75% and 50%, respectively) for both seasons of in 2015/2016 and 2016/2017.

The amounts of irrigation water were calculated according to the following equation:$$\documentclass[12pt]{minimal}
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Foliar application of different concentrations of melatonin (0.0, 2.5 mM, 5 mM and 7.5 mMl) were carried out twice at rate of (200 L/fed); where plants were sprayed after 30 and 45 days from sowing. Plant samples were taken after 60 days from sowing for measurements of growth characters and some biochemical parameters. Growth parameters were in terms of, shoot length (cm), shoot fresh and dry weight (g), roots length (cm), root fresh and dry weight (g). Chemical analysis measured were photosynthetic pigments, total phenol contents and some antioxidant enzymes such as polyphenol oxidase (PPO), peroxidase (POX), catalase (CAT) and superoxide dismutase (SOD). Plant samples were dried in an electric oven with drift fan at 70 °C for 48 h till constant dry weight for determination of total soluble sugars (TSS), free amino acids and proline contents. Flax plants were pulled when signs of full maturity were appeared, then left on ground to suitable complete drying. Capsules were removed carefully. At harvest, plant height (cm), fruiting zone length (cm), number of fruiting branches/plant, number of capsules/plant, seed yield/plant (g), biological yield/plant (g) and 1000 seeds wt (g), were recorded on random samples of ten guarded plants in each plot. Also, seed yield/fed (kg/Fed), straw yield (kg/fed), biological yield (kg/fed) and oil yield (kg/Fed) were studied.

*Chemical analysis:* Photosynthetic pigments contents (chlorophyll a and b and carotenoids) in fresh leaves were estimated using the method of Lichtenthaler and Buschmann ([@CR54]). Total phenol content was measured as described by Danil and George ([@CR23]). Total soluble sugars (TSS) were extracted by the method of Homme et al. ([@CR38]) and analyzed using Spekol SpectrocololourimeterVEB Carl Zeiss (Yemm and Willis,[@CR75]). Free amino acids were extracted according to Vartanian et al. ([@CR71]) and estimated according to (Yemm and Cocking [@CR74]). Proline was extracted as free amino acid and assayed according to Bates et al. ([@CR14]). The method used for extracting the enzyme is that of MuKherjee and Choudhuri ([@CR58]). Polyphenol oxidase (PPO, EC 1.10.3.1) activity assayed using the method of Kar and Mishra ([@CR42]). Peroxidase (POX, EC 1.11.1.7) activity assayed using the method of Bergmeyer ([@CR16]). Catalase (CAT, EC 1.11.1.6) activity was assayed according to the method of Chen et al. ([@CR20]). Superoxide dismutase (SOD, EC 1.12.1.1) activity was measured according to the method of Dhindsa et al. ([@CR28]). The enzyme activities were calculated by Kong et al. ([@CR46]). Seed oil content was determined using Soxhlet apparatus and petroleum ether (40--60 °C) according to AOAC ([@CR7]).

Statistical analysis {#Sec4}
--------------------

The data were statistically analyzed on complete randomized design under split--split plot system according to Snedecor and Cochran ([@CR68]). since the trend was similar in both seasons, the homogeneity test Bartlet's equation was applied and the combined analysis of the two seasons was done according to the method of Gomez and Gomez ([@CR35]). Means were compared by using least significant difference (LSD) at 5%.

Results {#Sec5}
=======

Growth parameters {#Sec6}
-----------------

The presented data in Table [2](#Tab2){ref-type="table"} shows the effect of foliar treatment of two flax varieties with different concentrations of melatonin (0.0 mM, 2.5 mM, 5 mM and 7.5 mM) grown under different water irrigation requirements WIR (100%, 75% and 50%) on growth parameters. Drought stress (75% and 50% WIR) decreased gradually and significantly shoot length, fresh and dry weight, while increased significantly and gradually root length, fresh and dry weight of root relative to those plants irrigated with 100% WIR (control plants) of the two varieties. It is clear that, Letwania-9 variety was more tolerant to drought stress in relation to Sakha-2 variety under the two drought stress levels (75% and 50%). 75% irrigation water requirement caused 10.48%, 8.90% and 30.71% decrease in Letwania-9 variety, while the percent of decreases were 15.54%, 16.53% and 24.18% in Sakha-2 variety of shoot length, fresh and dry weight, respectively as compared with plants irrigated with 100% irrigation water requirement. On the other hand, foliar treatment of the two tested varieties of flax plants with different concentrations of melatonin (2.5, 5.0 and 7.5 mM) increased the above mentioned growth parameters (shoot length, fresh and dry weight), as well as it caused more increases in root length, fresh and dry weight of root relative to their untreated controls under different WIR either at normal WIR (100%) or drought stressed WIR (75% and 50%). 5 mM melatonin foliar treatment was the most effective concentration over the other two concentrations (2.5 and 7.5 mM) as it caused the highest increases in most studied parameters (Table [2](#Tab2){ref-type="table"}).Table 2Effect of melatonin (0.0, 2.5, 5 and 7.5 mM) on growth parameters of two flax varieties under different water irrigation requirements (combined data of two seasons)VarietiesWIRMelatonin (mM)Plant height (cm)Shoot fresh wt. (g)Shoot dry wt. (g)Root length (cm)Root fresh wt. (g)Root dry wt. (g)Letwania-9100063 ± 0.333.37 ± 0.331.40 ± 0.097 ± 0.330.53 ± 0.060.31 ± 0.012.574 ± 4.937.03 ± 0.332.08 ± 0.149 ± 0.581.44 ± 0.140.35 ± 0.035.078 ± 2.679.43 ± 1.203.26 ± 0.2410 ± 0.331.59 ± 0.080.37 ± 0.047.570 ± 1.337.27 ± 0.582.84 ± 0.288 ± 0.581.43 ± 0.080.33 ± 0.0075057 ± 1.003.07 ± 0.500.97 ± 0.0311 ± 0.570.79 ± 0.120.40 ± 0.032.570 ± 3.005.53 ± 0.611.61 ± 0.2216 ± 0.571.45 ± 0.020.48 ± 0.005.074 ± 1.156.93 ± 0.092.08 ± 0.2416 ± 0.331.58 ± 0.120.52 ± 0.007.573 ± 1.534.23 ± 0.711.78 ± 0.3615 ± 0.331.78 ± 0.120.47 ± 0.0250054 ± 1.532.77 ± 0.490.80 ± 0.0912 ± 0.581.29 ± 0.140.48 ± 0.012.561 ± 0.883.67 ± 0.191.25 ± 0.0913 ± 0.331.41 ± 0.070.45 ± 0.015.067 ± 2.035.60 ± 0.101.94 ± 0.1815 ± 0.581.77 ± 0.110.50 ± 0.017.563 ± 2.403.33 ± 0.411.55 ± 0.1416 ± 0.581.87 ± 0.060.49 ± 0.00Sakha-2100064 ± 0.882.60 ± 0.060.91 ± 0.047 ± 0.580.53 ± 0.040.18 ± 0.022.571 ± 2.036.63 ± 0.411.86 ± 0.179 ± 0.331.37 ± 0.190.24 ± 0.015.080 ± 0.587.33 ± 0.552.22 ± 0.1312 ± 0.332.00 ± 0.150.26 ± 0.017.569 ± 2.194.97 ± 0.121.62 ± 0.2711 ± 0.581.96 ± 0.031.97 ± 0.0575054 ± 1.862.17 ± 0.110.69 ± 0.0112 ± 0.330.62 ± 0.030.15 ± 0.022.568 ± 0.883.33 ± 0.071.38 ± 0.0212 ± 0.330.77 ± 0.060.22 ± 0.015.074 ± 3.064.60 ± 0.001.68 ± 0.8514 ± 0.330.99 ± 0.070.26 ± 0.017.570 ± 2.653.20 ± 0.261.35 ± 0.0115 ± 1.001.46 ± 0.160.31 ± 0.0050044 ± 1.761.60 ± 0.070.44 ± 0.0315 ± 0.331.01 ± 0.070.15 ± 0.012.561 ± 1.532.43 ± 0.030.85 ± 0.0515 ± 0.332.16 ± 0.331.66 ± 0.075.065 ± 1.863.57 ± 0.150.99 ± 0.0215 ± 0.333.96 ± 0.150.31 ± 0.037.561 ± 1.763.07 ± 2.330.88 ± 0.0215 ± 0.333.53 ± 0.210.27 ± 0.15LSD~0.05~3.130.450.351.100.280.05Each value represents the mean of three replicates ± SE

Photosynthetic pigments {#Sec7}
-----------------------

Irrigation of two varieties (Letwania-9 and Sakha-2) of flax plants with low water irrigation requirements (75% and 50%) caused significant and gradual decreases in all components of photosynthetic pigments (chlorophylls a, b and carotenoids and consequently total photosynthetic pigments) relative to the control plants which were irrigated with 100% WIR (Fig. [1](#Fig1){ref-type="fig"}). On the other hand, melatonin foliar treatment with different concentrations (2.5, 5.0 and 7.5 mM) improved photosynthetic pigments of the two flax varieties under normal and stressed conditions compared with those untreated plants. 5.0 mM was the most effective treatment as it caused the highest increases in all photosynthetic pigments components of the two varieties of flax plant under different water irrigation requirement.Fig. 1Effect of melatonin on photosynthetic pigments (mg/g Fwt) of two flax varieties under different water irrigation requirements (combined data of two seasons) LSD at 5%, chlorophyll a 0.11, chlorophyll b 0.07, carotenoids 0.03 and total pigments 0.17). Each value represents the mean of three replicates ± SE

Changes in phenolics {#Sec8}
--------------------

Subjecting flax plant (Letwania-9 and Sakha-2 varieties) to different water irrigation requirements WIR 75% and 50% caused significant and gradual increases in phenolic contents of the two varieties of flax plant relative to their controls plant (100%) (Fig. [2](#Fig2){ref-type="fig"}). Whereas, melatonin foliar treatment with different concentrations (2.5, 5.0 and 7.5 mM) caused gradual increases in phenolics contents in the two varieties of flax plant as compared with their corresponding untreated controls (Fig. [2](#Fig2){ref-type="fig"}). It is clear that 5.0 mM was the most effective concentration as it caused the highest increases in phenolics under different WIR of the tested flax varieties (Letwania-9 and Sakha-2).Fig. 2Effect of melatonin on phenolic (mg/g wt) of two flax varieties under different water irrigation requirements (combined data of two seasons) (LSD at 5% 3.10). Each value represents the mean of three replicates ± SE

Changes in some osmorotectants {#Sec9}
------------------------------

The changes in some osmoprotectants as total soluble sugars TSS %, proline and free amino acids contents of two varieties Letwania-9 and Sakha-2 of flax plants in response to foliar treatment of different concentrations (2.5, 5.0 and 7.5 mM) of melatonin under different water irrigation requirements 100%, 75% and 50% are presented in Table [3](#Tab3){ref-type="table"}. Decreased WIR 75% and 50% increased gradually and markedly TSS, proline and free amino acids contents in flax two varieties as compared with plants with 100% WIR. Moreover, different melatonin concentrations (2.5, 5.0 and 7.5 mM) caused marked increases in the studied osmoprotectants (TSS, proline and free amino acids) of the two studied varieties as compared with their corresponding untreated controls under normal irrigation conditions (100%) or stressed conditions (75% and 50%). 5.0 mM was the most effective treatment on increasing different osmoprotectants contents of flax plant varieties (Table [3](#Tab3){ref-type="table"}).Table 3Effect of melatonin on phenolic, total soluble sugars (TSS  %), proline and free amino acids contents (mg/g wt) of two flax varieties under different water irrigation requirements (combined data of two seasons)VarietiesDrought stress (%)Melatonin (mM)TSSProlineFree amino acidsLetwania-910004.14 ± 0.0528.00 ± 1.55233.9 ± 15.592.54.25 ± 0.0430.00 ± 0.32259.7 ± 3.205.04.93 ± 0.3130.85 ± 0.15229.9 ± 0.297.54.61 ± 0.0930.85 ± 0.29311.6 ± 2.897505.98 ± 0.2140.72 ± 0.44323.9 ± 6.352.56.18 ± 0.0941.12 ± 0.34339.6 ± 0.885.06.77 ± 0.0346.05 ± 0.10390.9 ± 0.467.56.27 ± 0.0741.62 ± 1.45363.3 ± 3.475005.79 ± 0.0448.18 ± 3.43500.6 ± 10.262.56.94 ± 0.0448.78 ± 0.88503.0 ± 11.485.07.93 ± 0.1152.25 ± 0.87546.3 ± 0.837.56.43 ± 0.2250.78 ± 0.07522.9 ± 1.87Sakha-210005.45 ± 0.0615.65 ± 0.54178.8 ± 5.652.55.88 ± 0.0817.95 ± 1.05200.4 ± 0.765.07.77 ± 0.2622.45 ± 0.25246.9 ± 9.937.57.59 ± 0.4120.31 ± 0.55225.4 ± 0.617507.07 ± 0.1924.84 ± 0.31304.7 ± 3.192.58.92 ± 0.2329.05 ± 0.36313.2 ± 5.835.09.31 ± 0.3531.47 ± 0.58334.3 ± 3.897.57.94 ± 0.3529.84 ± 0.46321.7 ± 6.755007.58 ± 0.3140.12 ± 0.63422.4 ± 3.102.58.96 ± 0.1240.45 ± 0.49428.3 ± 3.675.09.76 ± 0.3343.12 ± 0.12464.0 ± 3.827.58.40 ± 0.1941.31 ± 0.35430.9 ± 6.87LSD at 5%0.771.6733.17Each value represents the mean of three replicates ± SE

Changes in antioxidant enzyme activities {#Sec10}
----------------------------------------

The antioxidant enzymes data presented in Fig. [3](#Fig3){ref-type="fig"}a--d shows that exposure of the two varieties of flax plant to drought stress (by decreasing water irrigation requirements to 75% and 50%) increased significantly the activities of the tested enzymes as superoxide dismutase (Fig. [3](#Fig3){ref-type="fig"}a, SOD), catalase (Fig. [3](#Fig3){ref-type="fig"}b, CAT), peroxidase (Fig. [3](#Fig3){ref-type="fig"}c, POX) and polyphenol oxidase (Fig. [3](#Fig3){ref-type="fig"}d, PPO) as compared with those plants irrigated with 100% WIR (control plant). Moreover, different concentrations of melatonin (2.5, 5.0 and 7.5 mM) caused more significant increases in different studied enzymes (Fig. [3](#Fig3){ref-type="fig"}a--d) as compared with untreated control plants under their corresponding WIR (100%, 75% and 50%). The highest different enzyme activities were obtained with foliar treatments with 5.0 mM melatonin under different WIR on the two tested varieties Letwania-9 and Sakha-2 compared with the other two concentrations (2.5 and 7.5 mM) of melatonin.Fig. 3Effect of melatonin on antioxidant activities (SOD, CAT, POX and PPO) (U activity/g fresh wt/h) of two flax varieties under different water irrigation requirements (combined data of two seasons) LSD at 5%: SOD 1.45, CAT 1.25, POX, 7.75 and PPO 1.61). Each value represents the mean of three replicates ± SE

Yield attributes {#Sec11}
----------------

Data in Table [4](#Tab4){ref-type="table"}a and b shows that, yield and yield attributes (plant height, biological yield/plant, fruiting zone length, number of fruiting branches and capsules/plant, 1000 seeds wt, seed yield/fed, biological yield/fed and straw yield) of flax two varieties (Letwania-9 and Sakha-2) were decreased gradually and markedly by lowering water irrigation requirements (75% and 50%) as compared to control plants (100%). On the other hand, foliar treatment of the two flax varieties with different concentrations of melatonin (2.5, 5.0 and 7.5 mM) caused significant increases in all parameters of yield components under normal irrigation requirements (100), as well as under reduced water irrigation requirements (75% and 50%). Data show the superiority of Letwania-9 variety over Sakha-2 in yield and yield components.Table 4(a and b) Effect of melatonin on yield and yield attributes of two flax varieties grown under different water irrigation requirements (combined data of two seasons)VarietiesDrought stress (%)Melatonin (mM)Technical stem lengthPlant height (cm)Biological yield/plant (g)Fruiting zone length (cm)No. of fruiting branches/plantNo. of capsules/plant1000 Seeds wt (g)Letwania-9100095 ± 0.6783 ± 0.882.46 ± 0.4612 ± 0.588.0 ± 0.5817.7 ± 0.335.95 ± 0.092.5102 ± 1.0087 ± 1.452.84 ± 0.3715 ± 0.678.3 ± 0.5823.0 ± 0.006.57 ± 0.095.0112 ± 3.1892 ± 3.283.37 ± 0.1720 ± 0.5812.0 ± 0.5827.3 ± 1.206.66 ± 0.147.5103 ± 1.5390 ± 1.152.92 ± 0.3613 ± 0.5810.7 ± 0.8820.3 ± 0.335.95 ± 0.10± 75081 ± 0.3372 ± 0.672.28 ± 0.279 ± 0.586.3 ± 0.3315.7 ± 0.674.68 ± 0.052.587 ± 0.8876 ± 0.332.28 ± 0.1411 ± 1.208.0 ± 0.5817.7 ± 0.675.14 ± 0.105.0100 ± 0.5887 ± 0.332.71 ± 0.2313 ± 0.3312.0 ± 0.5824.7 ± 2.185.74 ± 0.127.596 ± 0.8883 ± 1.002.53 ± 0.1013 ± 0.2010.7 ± 0.6719.7 ± 0.885.21 ± 0.0750071 ± 1.2064 ± 1.001.72 ± 0.017 ± 0.333.7 ± 0.3311.0 ± 0.333.84 ± 0.192.580 ± 0.3371 ± 0.671.89 ± 0.029 ± 0.334.0 ± 0.3313.3 ± 0.574.04 ± 0.015.092 ± 2.5184 ± 2.961.98 ± 0.079 ± 0.675.0 ± 0.8816.0 ± 0.574.28 ± 0.187.583 ± 0.5873 ± 0.881.68 ± 0.0210 ± 0.677.3 ± 0.0012.3 ± 0.334.10 ± 0.18Sakha-2100079 ± 1.7665 ± 2.521.72 ± 0.4614 ± 0.887.0 ± 0.5817.7 ± 0.335.02 ± 0.132.590 ± 0.6776 ± 2.522.09 ± 0.3714 ± 0.588.0 ± 1.1523.0 ± 0.335.26 ± 0.095.097 ± 1.2082 ± 1.202.73 ± 0.1815 ± 1.1511.0 ± 0.3324.3 ± 0.005.71 ± 0.057.582 ± 3.1769 ± 2.332.18 ± 0.3613 ± 1.208.3 ± 0.3320.3 ± 1.204.84 ± 0.0475069 ± 0.3362 ± 4.161.61 ± 0.277 ± 0.585.3 ± 0.5712.7 ± 0.334.23 ± 0.182.578 ± 0.8869 ± 0.671.30 ± 0.149 ± 1.207.0 ± 0.5714.7 ± 0.674.82 ± 0.125.085 ± 1.4574 ± 0.332.23 ± 0.2311 ± 0.3310.0 ± 0.6724.7 ± 0.675.22 ± 0.147.586 ± 1.2076 ± 1.521.85 ± 0.1010 ± 1.208.0 ± 0.3316.7 ± 1.674.00 ± 0.1250065 ± 2.8960 ± 1.731.23 ± 0.045 ± 1.695.3 ± 1.0012.3 ± 0.883.63 ± 0.222.570 ± 6.5664 ± 3.001.39 ± 0.026 ± 1.67+6.7 ± 0.0014.0 ± 0.004.01 ± 0.045.077 ± 3.5970 ± 0.881.68 ± 0.077 ± 1.537.7 ± 0.3316.0 ± 1.334.55 ± 0.047.570 ± 2.6564 ± 2.121.37 ± 0.056 ± 1.157.0 ± 0.3313.7 ± 0.583.65 ± 0.013LSD~0.05~2.862.170.330.380.351.070.21VarietiesDrought stress (%)Melatonin (mM)Seed yield (kg/fed)Biological yield (kg/fed)Straw yield (kg/fed)Oil yield kg/fedLetwania-91000558 ± 22.911388 ± 81.55830 ± 31.57168.0 ± 1.842.5654 ± 15.281794 ± 80.951140 ± 42.65214.5 ± 2.685.0906 ± 30.002489 ± 106.611582 ± 65.65304.4 ± 3.457.5663 ± 46.311453 ± 88.65789 ± 74.52208.8 ± 3.85750309 ± 13.48911 ± 75.65601 ± 54.6590.2 ± 2.682.5407 ± 37.231334 ± 100.65926 ± 32.52127.0 ± 3.125.0677 ± 57.521830 ± 120.651152 ± 42.65220.7 ± 3.427.5613 ± 42.981185 ± 81.45572 ± 42.35194.9 ± 4.35500157 ± 12.17764 ± 41.57607 ± 51.3545.5 ± 5.142.5227 ± 15.76966 ± 64.52738 ± 61.5269.2 ± 5.345.0369 ± 29.291269 ± 81.81900 ± 63.51116.2 ± 5.747.5316 ± 30.051101 ± 65.65785 ± 65.8598.0 ± 4.35Sakha-21000395 ± 13.331388 ± 78.65993 ± 62.35131.9 ± 4.522.5494 ± 10.401794 ± 111.351300 ± 74.32167.5 ± 4.355.0738 ± 34.172489 ± 110.651750 ± 62.35251.7 ± 4.627.5509 ± 37.651453 ± 75.65943 ± 42.32169.0 ± 4.35750405 ± 16.341268 ± 84.65862 ± 57.65126.4 ± 4.852.5573 ± 15.342853 ± 106.842279 ± 100.51185.7 ± 6.745.0825 ± 60.451472 ± 76.85647 ± 34.52264.0 ± 6.757.5731 ± 16.771148 ± 81.65416 ± 39.65234.7 ± 6.48500116 ± 10.111358 ± 74.681241 ± 38.6537.2 ± 2.622.5253 ± 18.242500 ± 103.652246 ± 57.6584.5 ± 3.425.0473 ± 17.082650 ± 120.352176 ± 67.85153.3 ± 4.627.5338 ± 14.493511 ± 143.653172 ± 103.25108.5 ± 4.65LSD~0.05~25.07105.7082.5012.65Each value represents the mean of three replicates ± SE

Discussion {#Sec12}
==========

One of environmental stresses responsible for decrease in plant growth and productivity is drought stress. In this investigation, growth parameters were significantly decreased in the two varieties (Letwania-9 and Sakha-2) of flax plant under drought (decreasing WIR) as in Table [2](#Tab2){ref-type="table"}. In harmony with our results of drought stress, Dawood and Sadak ([@CR26]), Sadak ([@CR64]), Elewa et al. ([@CR31]) and Ezzo et al. ([@CR32]) stated that different growth criteria of canola, wheat, quinoa, and moringa plants decreased with drought stress and they referred these decreases to disorders induced by drought and generation of reactive oxygen species (ROS). These decreases in plant height might be due to decreases in cell elongation, cell turgor, cell volume and eventually cell growth (Banon et al. [@CR13]). Moreover, drought affects plant--water relations, decreases shoot water contents, causes osmotic stress, inhibits cell expansion and cell division as well as growth of plants as a whole (Alam et al. [@CR4]). Earlier studies have confirmed the promotive role of melatonin on growth of plant under stress viz, Arnao and Hernández-Ruiz ([@CR8]), Li et al. ([@CR49]), Liu et al. ([@CR56]), Ye et al. ([@CR73]), Cui et al. ([@CR22]), Kabiri, et al. ([@CR41]) and Debnath et al. ([@CR27]),  which referred this effect to the action of melatonin as a growth regulator and thus it could improve growth of various plants and as a protector against abiotic stress (Li et al. [@CR48]). In addition, melatonin can act as a potential modulator of plant growth and development in a dose-dependent manner (Gao et al. [@CR34]).

Photosynthesis is the physico-chemical process which use light energy to drive the biosynthesis of different organic compounds and consequently plant production (Ye et al. [@CR73]). Drought reduced photosynthetic pigments in the two studied varieties of flax plant (Fig. [1](#Fig1){ref-type="fig"}). These obtained data are congruent with those obtained earlier on canola (Dawood and Sadak [@CR26]), fenugreek Sadak ([@CR65]), quinoa (Elewa et al. [@CR31]) and Moldavian balm (Kabiri et al. [@CR41]; Ezzo et al. [@CR32]). These decreases might have resulted from photo-oxidation of pigments that cause oxidative, photosynthetic system damaging which leads to reduction in photosynthetic carbon assimilation (Din et al. [@CR29]; Pandey et al. [@CR59]). Moreover, the principle reason for decreasing photosynthetic rate is that, limitation of surrounding CO~2~ diffusion to the site of carboxylation, induced by stomatal closure resulted from water stress (Liu et al. [@CR55]). Melatonin promotive effect on photosynthetic efficiency of flax plant are in agreement with those of Liu et al. ([@CR56]) on tomato, Ye et al. ([@CR73]) on maize, Cui et al. ([@CR22]) and Ke et al. ([@CR43]) on wheat and Kabiri et al. ([@CR41]) on Moldavian balm plants. This indicated that melatonin treatment improved the ultra-structure of chloroplasts under drought stress. In addition, melatonin treatment played an important role in preservation of chlorophyll and promotion of photosynthesis due to the antioxidant enzyme activities (as in Fig. [3](#Fig3){ref-type="fig"}a--d) and antioxidant contents and thus, inhibiting production of reactive oxygen species (Ezzo et al. [@CR32]). Many authors referred the promotive effect of melatonin to the interactive effect of melatonin and other plant growth promoters such as kinetin and ABA on leaf senescence (Arnao and Hernandez-Ruiz [@CR10]).

Under various environmental stresses such as drought stress, plants have developed different physiological and biochemical mechanisms to adapt or to tolerate stress. Figure [2](#Fig2){ref-type="fig"} shows that drought stress and/or melatonin treatments enhanced phenolic content accumulation. Similar results were obtained under abiotic stress on different plant species, El-Awadi et al. ([@CR30]) and Ezzo et al. ([@CR32]). These increases might be due to the effect of drought stress in induction of various metabolic processes disturbances which leads to increase in the synthesis of phenolic compounds (Keutgen and Pawelzik [@CR45]). Actually, different abiotic stress as drought induced reactive oxygen species (ROS) accretion and this is generally coupled with changes in net carbon gain which may strongly affect the biosynthesis of carbon-based secondary compounds, particularly leaf polyphenols (Radi et al. [@CR62]). Moreover, the promotive role of melatonin could result from its signaling function, via the induction of different metabolic processes and stimulate production of various substances, preferably operating under stress (Tan et al. [@CR70]). Moreover, the enhancing role of melatonin on phenolic contents resulted from the induction of various metabolic pathway and promote the formation of different compounds especially operating under stress (Tan et al. [@CR70]).

The accumulation of soluble carbohydrates in plants has been widely reported as a response to drought stress despite a significant decrease in net CO~2~ assimilation rate. The increased levels of TSS in response to different abiotic stress are confirmed earlier by Elewa et al. ([@CR31]) on quinoa plant and Ezzo et al. ([@CR32]) on moringa plant. Soluble carbohydrates could act as scavengers of ROS and contribute to increase in membrane stabilization. The increased levels of TSS might help in turgor maintenance and stabilization of cellular membrane (Hosseini et al. [@CR39]). The results of the present work show that melatonin treatments decreased the harmful effect of drought stress on the two varieties of flax plants and increased their drought stress tolerance. Melatonin is a free radical scavenger and broad-spectrum antioxidant that might directly eliminate ROS when produced under stressful conditions.

In the present work, drought stress caused marked increases of proline and free amino acids, moreover, melatonin treatment caused increases in proline and free amino acids contents (Table [3](#Tab3){ref-type="table"}). The osmotic adjustment in plants subjected to drought stress occurs by the accumulation of high concentrations of osmotically active compounds known as compatible solutes such as proline, glycinebetaine, soluble sugars, free amino acids and polyamines (Abd Elhamid et al. [@CR2]). Earlier studies agreed with our obtained results Elewa et al. ([@CR31]) on quinoa plant and Ezzo et al. ([@CR32]) on moringa plant. They revealed that osmoprotectants (TSS, proline and free amino acids) play an important role in adaptation of cells to various adverse environmental conditions through raising osmotic pressure in cytoplasm, stabilizing proteins and membranes, and maintaining the relatively high water content obligatory for plant growth and cellular functions. Proline accumulation is considered as an indicator in several plant species under drought stress conditions, acting as an osmotic protectant and contributing to the turgor maintenance of cells (Elewa et al. [@CR31]). Furthermore, the increases in proline content could be attributed to the decrease in proline oxidase activity under drought conditions (Bakry et al. [@CR11]). Free amino acid accumulation associated with stress may actually be a part of an adaptive process contributing to osmotic adjustment (Sadak et al. [@CR66]).

Drought stress caused significant increases in different enzymes of the two flax varieties (Fig. [3](#Fig3){ref-type="fig"}). These increases could be considered as an indicator of increased production of ROS and a build-up of a protective mechanism to reduce oxidative damage triggered by stress experienced by plants as mentioned by Abdelgawad et al. ([@CR3]), El-Awadi et al. ([@CR30]), Kabiri et al. ([@CR41]) and Ezzo et al. ([@CR32]). Antioxidative enzymes are not part of this system but key elements in the defense mechanisms. Higher levels of enzyme activities in flax plant under water deficient may be due to its high resistance. NAD^+^ recovering and CO~2~ fixation at the Calvin cycle decrease under drought stress causing damage to cell membrane due to the increases of free radicals. Adverse environmental stresses increase catalase activity in several cycles of physiological processes. Stress conditions accompanied with higher content of ROS (especially H~2~O~2~) is detoxified by catalase (Dat et al. [@CR25][)]{.ul}. Superoxide dismutase (SOD) is the first defense enzyme that converts superoxide to H~2~O~2~, which can be scavenged by catalase (CAT) and different classes of peroxidases (POX). Shi et al. ([@CR67]) confirmed the essential role of antioxidant systems in plant tolerance of various environmental stress especially in tolerant cultivars that had higher activities of ROS-scavenging enzymes than susceptible ones. Melatonin and some of its metabolites are considered as endogenous free radical scavenger and antioxidants (Zhang et al. [@CR77]) that could directly scavenge ROS such as H~2~O~2~ (Cui et al. [@CR22]). Moreover, one of the main functions of melatonin, along with the activities of SOD and CAT may be to preserve intracellular H~2~O~2~ concentrations at steady --scale levels (Cui et al. [@CR22]). Li et al. ([@CR51]) showed that melatonin, a potent long-distance signal, may be translocated from the treated leaves or roots of plant to distant untreated tissues via vascular bundles, leading to systemic induction of different abiotic tolerance. Moreover, studies on how melatonin interacts with stress signaling mechanisms have identified a complex relationship with ROS. Results concluded that, melatonin is a broad-spectrum direct antioxidant which can scavenge ROS with high efficiency. A detailed knowledge of melatonin chemistry and molecular interactions with ROS and with strong oxidants has been documented. As well as, melatonin treatments modulate the antioxidant enzymes by both up-regulating the transcript level and increasing the activity levels (Zhang et al. [@CR78]). Improving plant antioxidant systems has been considered the primary function of melatonin in plant stress tolerance (Zhang et al. [@CR80]). Zhao et al. ([@CR81]) had proposed that melatonin protected *Rhodiola crenulata* cells against oxidative stress during cryo-preservation by increasing SOD and CAT activities.

Plant responses to water stress include growth parameters and biochemical changes that lead first to acclimation and later, as water stress become more severe leading to damage and the loss of plant parts (Chaves et al. [@CR19]). Water stress reduced yield and yield components of flax varieties (Table [4](#Tab4){ref-type="table"}a, b). Similar results were obtained by Dawood and Sadak ([@CR26]) on canola plant, Abd Elhamid et al. ([@CR2]) on fenugreek plant, Elewa et al. ([@CR31]) on quinoa plant. Water deficits affect plants in different ways, slowly developing water deficits decrease growth, by slowing rates of cell division and expansion due to loss of turgor (Lawlor and Cornic [@CR47]) and/or resulted from osmotic effect of water stress which caused disturbances in water balance of stressed flax plant leading to decreases in photosynthetic pigments (Fig. [1](#Fig1){ref-type="fig"}) and consequently retarded growth rate (Table [2](#Tab2){ref-type="table"}). In regards to melatonin effect, similar results were obtained by Li et al. ([@CR48]), Janas and Posmyk ([@CR40]), Zhang et al. ([@CR79]) and Sadak ([@CR64], [@CR65]). The increases in growth characters caused by different melatonin concentrations might be due to the role of melatonin in alleviation growth inhibition, thus enabling plants to maintain a robust root system and improve photosynthetic capacity (Posmyk and Janas [@CR61]) and thus increased yield and yield attributes.
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